The effects of sinusoidal vibration (40-120 Hz, amplitude equal to or smaller than 0.42 mm) on seed germination of Arabidopsis thaliana were examined. When the amplitude of vibration was fixed at 0.42 mm, vibration with frequencies higher than 70 Hz increased the rate of seed germination. When the frequency of vibration was fixed at 100 Hz, vibration with amplitudes larger than 0.33 mm also increased the rate of germination. The increase in the rate of germination appeared dependent on acceleration calculated from the frequency and amplitude of vibration. Vibration with a maximum acceleration of 70 m s -2 increased the rate of germination, but the promotive effects leveled off at higher accelerations. Vibration had little effect on seed germination in a starch-deficient mutant, pgm. Thus, the amyloplasts appeared to act as a susceptor that senses mechanical vibrations. No vibration-induced promotion of germination was seen in an ethylene-insensitive mutant, etr1, or in the wild type in the presence of aminoethoxyvinylglycine, an inhibitor of ethylene synthesis, suggesting that vibration increased the rate of seed germination through the action of ethylene.
Introduction
A change in plant growth or development in response to mechanical stimulation is called thigmomorphogenesis. Types of mechanical stimulation include non-injurious touch, wind, vibration, and so on (Jaffe 1973 , Mitchell 1996 . The stems of mechanically disturbed plants are generally thicker yet shorter and less stiff or strong compared with those of control plants (Jaffe 1973 , Niklas 1998 . Conversely, the roots of monocot and herbaceous dicot species are longer, stiffer and stronger than those of mechanically undisturbed plants (Crook and Ennos 1996, Goodman and . Repetitive exposure of Arabidopsis to wind resulted in a delay in flowering, decrease in inflorescence elongation rate, shorter mature primary inflorescences and more rosette paraclades (Johnson et al. 1998) .
Vibration is one type of mechanical stress. It promotes seed germination in Cucumis sativus and Oryza sativa (Takahashi et al. 1991) . Vibration is described by two parameters, frequency and amplitude, and it is not known how each of these parameters affects germination. In the present study, we measured vibration of seed-supporting media by a laser displacement detector. The measurements enabled us to examine the effects of vibration on seed germination using sinusoidal vibrations in the range of 40-120 Hz, and amplitudes up to 0.42 mm.
It is also unknown which cellular components are involved in the perception of vibration. To perceive extracellular forces, such as gravity, vibration and so on, organisms must have a cellular component called a susceptor, which is acted upon directly by (susceptible to) extracellular forces (Sack 1991) . The amyloplast, which is considered to be a susceptor of gravity, contains high-density starches and sediments inside a cell in response to gravity (Sack 1991 , Chen et al. 1999 , Tasaka et al. 1999 . Vibration induces acceleration as does gravity, although vibration-induced acceleration is continually changing. Therefore, the amyloplast may also act as a susceptor of vibration. To test this possibility, the effects of vibration on seed germination of a starch-deficient mutant, pgm (Casper et al. 1985) , were investigated. Ethylene has been shown to promote seed germination (Abeles et al. 1992, Kepczynski and Kepczynska 1997) . The germination ability of an ethyleneinsensitive mutant of Arabidopsis, etr1, is lower than that of the wild type (Bleecker et al. 1988) . To test the possibility that the vibration-induced promotion of germination is mediated through the action of ethylene, we examined the effects of vibration on germination of etr1 seeds. The effects of aminoethoxyvinylglycine (AVG), an inhibitor of ethylene synthesis, on germination were also investigated.
Results
After cold imbibition for 4 d, Arabidopsis seeds were subjected to vibration (100 Hz, 0.42-mm amplitude) at 23°C for about 48 h. Then, the vibration was turned off and the seeds were left under the same conditions without vibration. The germination rate of vibrated seeds determined 5 d after the start of vibration (80.6±8.0%) was essentially the same as that of the untreated wild-type seeds (78.6±9.0%). Therefore, the relative germination rate at a particular time was defined as the number of seeds that germinated at that time divided by the number of seeds that germinated 5 d after the start of vibration.
Arabidopsis seeds that were vibrated at 100 Hz and 0.42-mm amplitude germinated faster than those without vibration (Fig. 1) . Though time courses of germination rates varied depending on batches of seeds, the promotive effects were consistently observed. At 30 h after the start of treatment, the difference in relative germination rates was more than 20%. When the seeds were vibrated at various amplitudes for 30 h at a constant frequency of 100 Hz, the relative germination rate increased at amplitudes equal to or larger than 0.33 mm (Fig.  2) . When the seeds were vibrated at various frequencies for 30 h at a constant amplitude of 0.42 mm, the relative germina- 2 A f 2 , where a is the maximum acceleration, A is the amplitude, and f is the frequency. tion rate was found to be significantly higher at frequencies equal to or above 70 Hz (Fig. 3) . When the relative germination rates shown in Fig. 2 and 3 were replotted as a function of the maximum acceleration induced by vibration, the relative germination rate was found to increase significantly at an acceleration of 70 m s -2 and then level off (Fig. 4) .
When seeds of a starch-less mutant, pgm (Casper et al. 1985) , were exposed to vibration with 100 Hz and 0.42-mm amplitude, the relative germination rate of the vibrated pgm seeds increased at a rate similar to that of the untreated pgm seeds (Fig. 5) . These results suggest that amyloplasts act as a susceptor of vibration during seed germination.
We also examined the effects of vibration on seed germination of an ethylene-insensitive mutant, etr1-3 (Bleecker et al. 1988) . etr1-3 seeds were imbibed at 4°C for 5 d before the treatment with vibration because they did not germinate as readily as the wild type. When the etr1 seeds were vibrated at 100 Hz and 0.42-mm amplitude, no promotion of relative germination rate was observed (Fig. 6) . AVG, an inhibitor of ethylene synthesis, at a concentration of 10 mM, also eliminated the germination-accelerating effects of vibration in wild-type seeds (Fig. 7) . These results suggest that vibration promotes the rate of germination by increasing the production of ethylene.
Discussion

Promotion of germination by mechanical vibration
In the present study we examined effects of monotonic mechanical vibration of defined frequencies and amplitudes on seed germination by measuring vibration of seed-supporting media (filter paper) with a laser displacement detector. To our knowledge, this was the first attempt to determine effects of controlled vibration on physiological responses in plants, although the examined vibrations were limited to frequencies between 40 and 120 Hz and amplitudes smaller than 0.42 mm due to the mechanical properties of the vibration generators used in the present study. The present results showed that the rate of germination of Arabidopsis seeds was promoted by vibration (Fig. 1) . When the germination data was replotted as a function of the maximum acceleration that occurs in a cycle, the relative germination rate almost showed saturation kinetics; namely, it increased at a maximum acceleration of 70 m s -2 and then leveled off. This result may suggest that it is primarily magnitude of acceleration that promotes seed germination. The minimum acceleration needed for promotion of germination (70 m s -2 ) is much larger than the acceleration of gravity (9.8 m s -2 ), although these values cannot be compared directly because the vibrational acceleration changes continuously. Takahashi et al. (1991) previously determined the effects of mechanical vibration on seed germination. Treatment of rice and cucumber seeds with vibration of 50 Hz increased their germination rates considerably. In the present study, vibration at 40 Hz did not increase the relative germination rate of Arabidopsis seeds (Fig. 2) . Considering the acceleration dependency of the relative germination rate (Fig. 4) , it appears that vibrations with amplitudes larger than 0.42 mm would be needed to promote germination at 40 Hz.
Susceptor of vibration
In pgm that lacks fully developed amyloplasts due to deficiency in plastidal phosphoglucomutase (Casper et al. 1985 , Kiss et al. 1989 , vibration-induced acceleration of seed germination was mostly eliminated (Fig. 5) . These results suggest that amyloplasts act to sense vibration by changing their positions rapidly inside cells in response to vibration.
Ethylene as a mediator of vibration-induced seed germination
It has been well documented that ethylene promotes seed germination (Abeles et al. 1992, Kepczynski and Kepczynska 1997) . No vibration-induced promotion of the rate of germination was seen in an ethylene-insensitive mutant, etr1-3 (Fig. 6) , or in the wild type exposed to AVG (Fig. 7) . These results suggest that ethylene synthesis is first induced by vibration in seeds, and then seed germination is promoted by the produced ethylene in the wild type. Ethylene synthesis is known to be induced by mechanical stresses such as bending, rubbing and shaking of plants (Goeschl et al. 1966 , Takahashi and Jaffe 1984 , Abeles et al. 1992 . Increased number of female flowers in stressed cucumber plants might be due to the increased ethylene evolution produced by mechanical stress (rubbing) (Takahashi and Suge 1980) . However, Johnson et al. (1998) reported that two ethylene-insensitive mutants of Arabidopsis, etr1-3 and ein2-1, showed the same morphogenetic responses to the wind as did the wild type; expression of touch (TCH) genes (Braam and Davis 1990) was also induced by touch in the two mutants. Furthermore, wild-type Arabidopsis and the two ethylene mutants also responded to vibration (50 Hz) in a similar manner, with an increase in hypocotyl elongation and up-regulation of TCH gene expression (Johnson et al. 1998) . These results are contradictory to our present results. This suggests that the vibration-stimulated cascade that induces seed germination is different from the vibration-stimulated cascade that regulates hypocotyl elongation and TCH gene expression. Alternatively, different signal transduction pathways may be present in the seed and seedling stages.
Materials and Methods
Generation of sinusoidal vibration
We made a vibration generator that consisted of a low-frequency oscillator, an amplifier and a speaker unit. A sheet of plastic film (OHP Film V556, Fuji Xerox, Tokyo, Japan) was attached to the front of a 16-cm-diameter speaker unit (DS-16; Daito) with plastic glue (#46862; Konishi, Osaka, Japan), so that it functioned as diaphragm. A 9-cm-diameter Petri dish (SH-20S; Terumo, Tokyo, Japan) was fixed on the middle of the sheet of film with double-sided adhesive tape (NW-R15SF; Nichiban, Tokyo, Japan). A sheet of filter paper (10019717; Whatman, Maldstone, U.K.) with a round sticker (9 mm in diameter) at the center was put into the Petri dish. The top of the sticker was covered with a thin metalized layer that acted as a light reflector for a laser displacement detector.
The speaker unit was driven by the output of a low-frequency oscillator (E-1201A; NF Corp., Yokohama, Japan) after amplification by an amplifier (PS-3236; EK-Japan, Fukuoka, Japan). The amplitude and frequency of vibration were controlled by changing the gain and frequency control of the oscillator, respectively. Vibration of the filter paper was measured by a laser displacement detector (LB-1100 or LB-080; Keyence, Osaka, Japan), whose signal was monitored by an oscilloscope (SS-5111; Iwatsu, Tokyo, Japan) and a digital voltmeter (PC100; Sanwa Electric Instrument, Tokyo, Japan).
The vibration generator could produce vibrations of higher than 40 Hz. At higher than 120 Hz, however, vibration of the filter paper was not sinusoidal. Vibrations with amplitudes larger than 0.42 mm were also not monotonic. The amplitude used in the present study is defined as one-half of the peak-to-peak value of vibration.
Determination of germination rates
After imbibition in water in darkness at 4°C for 4 d, about 30 seeds of Arabidopsis thaliana ecotype Columbia were sown on a sheet of the filter paper in the Petri dish that had been moistened with 3 ml of water. After the lid of the Petri dish was tightly sealed with plastic film (TS-film; Toyobo, Osaka, Japan) to avoid drying, the seeds were subjected to vibration for about 48 h at 23°C under continuous white light (14 W m -2 ) obtained from two 20-W fluorescent tubes (FL 20SS-EX-N/18; Matsushita, Osaka, Japan). Since seeds stuck to the filter paper, they did not change their position on the filter paper during the experiments. Radicle protrusion was taken as the criterion for germination.
